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Abstract. We present two new multi-proxy reconstructions
of the extra-tropical Northern Hemisphere (30–90◦ N) mean
temperature: a two-millennia long reconstruction reaching
back to 1AD and a 500-yr long reconstruction reaching
back to 1500AD. The reconstructions are based on compila-
tions of 32 and 91 proxies, respectively, of which only little
more than half pass a screening procedure and are included
in the actual reconstructions. The proxies are of different
types and of different resolutions (annual, annual-to-decadal,
and decadal) but all have previously been shown to relate
to local or regional temperature. We use a reconstruction
method, LOCal (LOC), that recently has been shown to con-
ﬁdently reproduce low-frequency variability. Conﬁdence in-
tervals are obtained by an ensemble pseudo-proxy method
that both estimates the variance and the bias of the recon-
structions. The two-millennia long reconstruction shows a
well deﬁned Medieval Warm Period, with a peak warming
ca. 950–1050AD reaching 0.6 ◦C relative to the reference
period 1880–1960AD. The 500-yr long reconstruction con-
ﬁrms previous results obtained with the LOC method applied
to a smaller proxy compilation; in particular it shows the Lit-
tle Ice Age cumulating in 1580–1720AD with a temperature
minimum of −1.0 ◦C below the reference period. The re-
constructed local temperatures, the magnitude of which are
subject to wide conﬁdence intervals, show a rather geograph-
ically homogeneous Little Ice Age, while more geographi-
cal inhomogeneities are found for the Medieval Warm Pe-
riod. Reconstructions based on different subsets of prox-
ies show only small differences, suggesting that LOC re-
constructs 50-yr smoothed extra-tropical NH mean temper-
atures well and that low-frequency noise in the proxies is a
relatively small problem.
1 Introduction
The late Holocene (the last few thousand years) is in many
ways comparable to the present period and its climate con-
stitutes the background to which the current climate and the
projected future climate should be compared. The ampli-
tude of the natural variability and the response of the cli-
mate system to external forcings in late Holocene can help
us to understand the consequences and the impacts of coming
changesintheforcings, whethertheyareofnatural(e.g.solar
and volcanic) or anthropogenic origin. Unfortunately, instru-
mental records rarely reach further back than to the middle
of the 19th century, and for earlier periods it is necessary to
deduce climate information from climate proxies, i.e. histori-
cal archives or natural recorders of climate such as ice-cores,
speleothems, tree-rings, lake and marine sediments, etc. For
reviewswithdiscussionsofthedifferentkindsoftemperature
proxy records see, e.g. Bradley (1999); Jones et al. (2009);
National Research Council (2006).
A number of temperature reconstructions based on com-
pilations of proxies of different types have been pre-
sented in the literature, beginning with Groveman and
Landsberg (1979) and with increasing frequency after the
much publicized reconstructions by Mann et al. (1998) and
Mann et al. (1999). Many of the reconstructions show rel-
atively weak variability, with only little evidence for previ-
ous temperature anomalies comparable to those of the 20th
century. Most local, regional, hemispheric, and global tem-
perature reconstructions reveal that a generally warmer cli-
mate regime persisted sometime between ca. 800–1300AD
and a generally colder climate regime persisted sometime be-
tween ca. 1300–1900AD. The earlier warm period is usually
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referred to as the Medieval Warm Period (MWP) or Me-
dieval Climate Anomaly (MCA), whereas the later colder pe-
riod is referred to as the Little Ice Age (LIA). It is still not
fully established if the temperature anomalies in these peri-
ods are fully temporally synchroneous througout the globe,
and therefore there exist no universally accepted chronolog-
ical deﬁnitions for the start and end of either period. In
particular, the spatio–temporal homogeneity of the MWP on
a global or hemispheric scale is still debated (Bradley et al.,
2003; Broecker, 2001; Esper and Frank, 2009; Diaz et al.,
2011), whereas a homogeneously cold LIA recently seems
to be a less contested issue (Juckes et al., 2007; Matthews
and Briffa, 2005; National Research Council, 2006; Wanner
et al., 2008; Ljungqvist et al., 2012).
In many studies much focus has been placed on compar-
ing the amplitude of the warming during the MWP with that
of the recent decades in order to assess whether the recent
warming is unprecedented either in magnitude or rate during
the past one or two millennia. Less focus has been placed on
the LIA, despite the fact that the amplitude of its coldest pe-
riod (presumably the 17th century) is perhaps the biggest un-
certaintyintheclimateofthemillennium(Frank et al., 2010)
and that a better understanding of the amplitude of this cool-
ing is very important for improving our understanding of the
climate sensitivity.
Recently, there has been increasing evidence that many
reconstructions are based on statistical methods that seri-
ously underestimate low-frequency variability and trends
(von Storch et al., 2004; B¨ urger and Cubasch, 2006;
Zorita et al., 2007; Smerdon and Kaplan, 2007; Chris-
tiansen et al., 2009; Smerdon et al., 2011). In particular,
Christiansen et al. (2009) systematically investigated this un-
derestimation in 7 different reconstruction methods using
an ensemble pseudo-proxy method. Christiansen (2011) at-
tributed this underestimation partly to sub-optimal use of
linear regression models and suggested a method, LOCal
(LOC), designed to overcome this problem. The LOC
method is based on forward modelling of proxies based on
the local temperatures. The local reconstructed temperatures
are then averaged to obtain a large-scale (e.g. the Northern
Hemispheric) mean temperature. That the LOC method re-
constructs low-frequency variability well was conﬁrmed in
pseudo-proxy experiments (Christiansen, 2011).
We have previously in Christiansen and Ljungqvist (2011)
presented a LOC based multi-proxy reconstruction of the
extra-tropical Northern Hemisphere (NH) mean tempera-
ture in the last millennium. The 50-yr smoothed (with
a running mean ﬁlter) reconstruction showed larger low-
frequency variability than previous reconstructions (see
Fig. 10 of Christiansen and Ljungqvist (2011)), with a min-
imum anomaly in the LIA about 1.1 ◦C lower than the tem-
perature in the calibration period, 1880–1960AD. Although
its variability was stronger, the LOC reconstruction shared
the gradual cooling of the ﬁrst 800yr of the millennium with
most previous reconstructions.
In this paper we extend the LOC reconstruction back to
1AD, to which end we have compiled a set of 32 proxies.
The 32 proxies are a subset of a larger compilation of 91
proxies, all reaching at least back to 1500AD and which
all previously have been shown to respond to temperature
(see references in Table 1). We use this large proxy set
to present an improved LOC reconstruction of the period
since 1500AD. Christiansen and Ljungqvist (2011) used 40
proxies and we expect that the larger number of proxies
in the present paper will narrow the conﬁdence interval
(Christiansen and Ljungqvist, 2012). Note that the number
of proxiesabove referto all theconsidered proxies;only little
more than half of them pass the screening and are included in
the actual reconstruction. In addition to extending the LOC
reconstruction back to 1AD and improving the reconstruc-
tion back to 1500AD, with more proxies, we also present an
analysis of the geographical dispersion of temperatures in the
LIA and the MWP as well as additional sensitivity tests.
The proxies are described in Sect. 2 and a brief summary
of the LOC method together with details about the data pro-
cessing are given in Sect. 3. The reconstructions are pre-
sented in the three subsections of Sect. 4: the two-millennia
long reconstruction is discussed in Sect. 4.1, the 500-yr long
reconstruction in Sect. 4.2, and the geographical dispersion
of the local reconstructions in the LIA and the MWP is dis-
cussed in Sect. 4.3. Some discussion of the robustness, the
spatial averaging, and the validation is given in Sect. 5. We
close with our conclusions in Sect. 6.
2 Proxies
We have compiled a set of 91 temperature proxy records
from the extra-tropical NH, all of which reach back to at
least 1500AD and of which 32 reach back to 1AD (or for
the case of Mongolia and Dulan to the ﬁrst centuries of
the ﬁrst millennium). The proxies are selected according
to two criteria: they should have a documented relation to
temperature and should have been published in the peer re-
viewed literature. Table 1 lists the proxies and gives, among
other information, their geographical positions, their tempo-
ral resolutions, and their original references. Of these 91
proxies, 65, 10, and 16 are of annual, annual-to-decadal,
and decadal resolution, respectively. Blue Lake (number 7
in Table 1) and Lake C2 (49) are log-transformed. Since
a non-linear relationship is expected between temperature
and varve thickness, the log-transformation of varve thick-
ness tends to improve the correlation to temperature and re-
duce the impact of non-temperature related changes on varve
thickness (Loso, 2009).
The geographical distribution of the proxies is shown in
the top panel of Fig. 1. Note that a few pairs of proxies share
the same geographical position but are based on different
archives. The91proxiesconsideredinthe500-yrlongrecon-
struction have a reasonable geographical coverage, although
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Table 1. List of the 91 proxies considered. The proxies that extend far enough back to be considered for the two-millennia long recon-
structions are shaded. The column “Season” refers to the season in which the proxy has been shown to be most sensitive to temperature.
The columns denoted Corr 1 and Corr 2 show the correlation coefﬁcients between the proxy and the local temperature in the periods 1880–
1960AD (Corr 1) and 1880AD–last year (Corr2). The correlation coefﬁcients are boldfaced when signiﬁcant at the 1% level according
to a t-test that considers all years as independent. The proxies that pass these tests are those included in the reconstructions based on the
corresponding calibration periods.
# Site Longitude Latitude Proxy type Sample resolution Season First year Last year Corr 1 Corr 2 Reference
1 Agassiz Ice Cap −73.10 80.70 Ice-core δ18O Annual Annual 1 1972 0.17 0.19 Vinther et al. (2008)
2 Alps 7.50 45.00 Tree-ring density Annual Jun to Sep 1500 2004 0.67 0.54 B¨ untgen et al. (2006)
3 Austfonna 24.01 79.83 Ice-core δ18O Annual Annual 1500 1998 0.21 0.21 Isaksson et al. (2005)
4 Avam-Taimyr 97.00 71.00 Tree-ring width Annual Jun to Aug 1 2003 0.39 0.28 Briffa et al. (2008)
5 Belukha 86.58 49.81 Ice-core δ18O Annual Mar to Nov 1500 2000 0.00 0.09 Eichler et al. (2009)
6 Big Round Lake −68.50 69.83 Varved lake sediments Annual Jul to Sep 1500 2003 0.38 0.34 Thomas and Briner (2009)
7 Blue Lake −150.46 68.08 Varved lake sediments Annual Jun to Aug 1500 1999 −0.28 −0.06 Bird et al. (2009)
8 Bomi-Linzhi 98.00 30.00 Tree-ring width Annual Aug 1500 2002 0.38 0.48 Zhu et al. (2011)
9 Burgundy 6.00 47.00 Documentary Annual Apr to Aug 1500 2003 0.32 0.50 Chuine et al. (2004)
10 Camp Century −61.13 77.17 Ice-core δ18O Annual Annual 1500 1967 0.03 0.03 Dansgaard et al. (1969)
11 Central Europe 8.00 46.00 Tree-ring width Annual Jun to Sep 1 2003 0.15 0.46 B¨ untgen et al. (2011)
12 Central NWT (regional) −110.00 63.00 Tree-ring density Annual Summer 1500 2003 0.07 0.05 D´Arrigo et al. (2006)
13 Chesapeake Bay −76.40 39.00 Sea sediments Annual-to-decadal Warm season 1 1996 0.05 0.13 Cronin et al. (2010)
14 China Stack (regional) 105.00 35.00 Multi-proxy Decadal Annual 1 1990 0.72 0.31 Yang et al. (2002)
15 Colombia Iceﬁeld −117.15 52.15 Tree-ring density Annual May to Aug 1500 1998 0.22 0.27 Luckman and Wilson (2005)
16 Colombia Iceﬁeld −117.15 52.15 Tree-ring δ13C Decadal Winter 1500 1985 −0.07 −0.07 Edwards et al. (2008)
17 Crete −37.32 71.12 Ice-core δ18O Annual Nov to Apr 1500 1973 0.41 0.39 Vinther et al. (2010)
18 Czech Lands 15.00 49.00 Documentary Annual Mar to Jun 1501 2008 0.47 0.66 Mˇ ozn´ y et al. (2012)
19 Devon Ice Cap −82.50 75.33 Ice-core δ18O Annual-to-decadal Annual 1 1973 0.66 0.62 Fisher et al. (1983)
20 Donard Lake −61.35 66.66 Varved lake sediments Annual Jun to Aug 1500 1992 −0.32 −0.17 Moore et al. (2001)
21 Dulan 98.00 36.00 Tree-ring width Decadal Annual 155 1995 0.41 0.44 Zhang et al. (2003)
22 Dye-3 −43.49 65.11 Ice-core δ18O Annual Nov to Apr 1 1978 0.33 0.35 Vinther et al. (2010)
23 ESIB (regional) 150.00 68.00 Tree-ring width Annual Summer 1500 1994 0.30 0.15 Briffa et al. (2001)
24 East China (regional) 112.00 32.00 Documentary Decadal Annual 1500 1995 0.83 0.81 Wang et al. (2001)
25 East China (regional) 112.50 32.50 Documentary Decadal Oct to Apr 1505 1995 0.92 0.90 Ge et al. (2003)
26 Eastern Carpathians 25.10 47.20 Tree-ring width Annual Jul to Aug 1500 2005 −0.09 0.16 Popa and Kern (2009)
27 Finnish Lapland 25.00 69.00 Tree-ring width Annual Jun to Aug 1 2005 0.41 0.41 Helama et al. (2010)
28 Forfjorddalen 15.72 68.78 Tree-ring width Annual Jul to Aug 1500 1989 0.37 0.31 Kirchhefer (2001)
29 French Alps 7.00 45.50 Tree-ring width Annual Jun to Aug 1500 2008 0.38 0.47 Corona et al. (2011)
30 GISP2 −38.50 72.60 Ice-core δ18O Decadal Annual 1 1987 0.32 0.33 Grootes and Stuiver (1997)
31 GISP2 −38.50 72.60 Ice-core δAr/N2 Decadal Annual 1500 1993 0.71 0.53 Kobashi et al. (2010)
32 GRIP −37.38 72.35 Ice-core δ18O Annual Nov to Apr 1 1979 0.07 0.02 Vinther et al. (2010)
33 Gotland 19.00 57.00 Tree-ring width Annual Summer 1500 1987 0.18 0.09 Esper et al. (2002a)
34 Grotte di Ernesto 11.66 45.98 Speleothem microlayer Annual Annual 1500 1987 −0.00 0.08 Frisia et al. (2003)
35 Gulf of Alaska −145.00 60.00 Tree-ring width Annual Jan to Aug 1500 2002 0.20 0.27 D´Arrigo et al. (2006)
36 Gulf of Taranto 17.89 39.76 Sea sediments Annual-to-decadal Fall 1 1975 0.74 0.59 Taricco et al. (2009)
37 Hallet Lake −146.20 61.50 Lake sediments Annual-to-decadal Jun to Aug 1 2005 0.26 0.33 McKay et al. (2008)
38 Haukadalsvatn −21.37 65.03 Lake sediments Annual-to-decadal Apr to May 1 2003 −0.18 −0.17 Geirsd´ ottir et al. (2009)
39 Hesheng 110.00 30.00 Speleothem δ18O Annual-to-decadal Annual 1500 1999 0.14 0.27 Hu et al. (2008)
40 Iceberg Lake −142.95 60.78 Varved lake sediments Annual May and Jun 1500 1998 0.06 0.09 Loso (2009)
41 Idaho −114.25 44.42 Tree-ring width Annual Jul 1500 1992 0.08 0.04 Biondi et al. (1999)
42 Indigirka 148.15 70.53 Tree-ring width Annual Jun to Jul 1 1993 0.39 0.33 Moberg et al. (2006)
43 J¨ amtland 13.30 63.10 Tree-ring width Annual Jun to Aug 1500 2000 0.46 0.39 Linderholm and Gunnarson (2005)
44 Jasper −118.17 52.75 Tree-ring width Annual Apr to Aug 1500 1987 0.32 0.28 Luckman et al. (1997)
45 Karakorum 74.99 36.37 Tree-ring δ13C Annual Jun and Jul 1500 1993 −0.15 −0.15 Treydte et al. (2009)
46 Karakorum 74.99 36.37 Tree-ring width Annual Annual 1500 1993 −0.15 −0.15 Esper et al. (2002b)
47 Korallgrottan 14.16 64.89 Speleothem δ18O Decadal Annual 1 2005 −0.30 0.36 Sundqvist et al. (2010)
48 Laanila 27.30 68.50 Tree-ring height inc. Annual Jun to Aug 1500 2007 0.21 0.17 Lindholm et al. (2011)
49 Lake C2 −77.54 82.47 Varved lake sediments Annual Jun to Aug 1 1987 0.21 0.22 Lamoureux and Bradley (1996)
50 Lake Silvaplana 9.80 46.45 Lake sediments Annual-to-decadal Jul 1500 1995 0.69 0.44 Larocque-Tobler et al. (2010)
51 Lake of the Clouds −71.25 44.25 Pollen Decadal Jun to Aug 1500 1965 0.60 0.53 Gajewski (1988)
52 Lomonosovfonna 17.42 78.85 Ice-core δ18O Annual Annual 1500 1997 0.29 0.26 Isaksson et al. (2005)
53 Low Countries 5.18 52.10 Documentary Annual Annual 1500 2000 0.65 0.76 van Engelen et al. (2001)
54 Lower Murray Lake −69.32 81.21 Varved lake sediments Annual Jun to Aug 1 1969 0.28 0.30 Cook et al. (2009)
55 Mangazeja 82.30 66.68 Tree-ring density Annual Summer 1500 1990 0.35 0.16 Esper et al. (2002a)
56 Mongolia 98.93 48.30 Tree-ring density Annual Apr to Oct 262 1999 0.00 0.31 D´Arrigo et al. (2001)
57 NSIB (regional) 100.00 72.00 Tree-ring width Annual Summer 1500 1991 0.39 0.32 Briffa et al. (2001)
58 NW North Alaska reg −167.00 67.00 Tree-ring density Annual Summer 1500 2000 0.17 0.17 D´Arrigo et al. (2006)
59 North China 113.00 40.00 Documentary Annual Annual 1500 1995 0.42 0.40 Wang et al. (2001)
60 North Icelandic Shelf −19.30 66.30 Sea sediments Annual-to-decadal Summer 1 2001 −0.34 −0.11 Sicre et al. (2011)
61 North-Central China 111.50 37.00 Tree-ring width Annual Jun to Aug 1500 2002 0.40 0.18 Yi et al. (2012)
62 NorthGRIP −42.32 75.10 Ice-core δ18O Annual Annual 1 1995 0.20 0.15 NGRIP members (2004)
63 Northern Iceland −19.30 66.30 Sea sediments Annual-to-decadal Summer 1500 2000 0.18 0.14 Ran et al. (2011)
64 Polar Urals 65.75 66.83 Tree-ring density Annual May to Sep 1500 1990 0.43 0.33 Esper et al. (2002a)
65 Quebec −70.00 53.00 Tree-ring density Annual Summer 1500 1947 NaN −0.09 Esper et al. (2002a)
66 Renland −26.70 71.30 Ice-core δ18O Annual-to-decadal Annual 1 1980 0.69 0.59 Vinther et al. (2008)
67 Russian Plain 45.00 55.00 Multi-proxy Decadal Annual 5 1995 0.32 0.86 Sleptsov and Klimenko (2003)
68 Severnaja 106.00 81.00 Lake sediments Decadal Jun to Aug 1500 1979 0.03 0.09 Bolshyanov and Makeev (1995)
69 Seward Peninsula −163.00 65.00 Tree-ring density Annual Jun to Aug 1500 2002 0.13 −0.05 D´Arrigo et al. (2005)
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Table 1. Continued.
# Site Longitude Latitude Proxy type Sample resolution Season First year Last year Corr1 Corr2 Reference
70 ShiHua Cave 116.23 39.54 Speleothem microlayer Annual May to Aug 1 1985 −0.06 0.02 Tan et al. (2003)
71 Southern Colorado Plateau −111.40 35.20 Tree-ring width Annual Maximum summer temp 1 1996 0.41 0.36 Salzer and Kipfmueller (2005)
72 Southern Greenland (regional) −43.00 65.00 Ice-core δ18O Annual Dec to Mar 1500 1970 0.46 0.42 Vinther et al. (2003)
73 Southern Sierra Nevada −118.90 36.90 Tree-ring width Annual Jun to Aug 1500 1988 0.21 0.22 Graumlich (1993)
74 Spanish Pyrenees 1.00 42.50 Tree-ring density Annual May to Sep 1500 2005 0.57 0.66 B¨ untgen et al. (2008)
75 Sugan Lake 93.90 38.85 Lake sediments Decadal Winter 15 1995 −0.83 0.73 Qiang et al. (2005)
76 Svalbard 17.00 78.00 Ice melt layers Annual Jun to Aug 1500 1985 0.00 0.05 Tarussov (1992)
77 Tarvagatay 99.00 48.00 Tree-ring density Annual Annual 1500 1994 0.03 0.24 Jacoby et al. (1996)
78 Teletskoe Lake 87.61 51.76 Varved lake sediment Annual Annual 1 2002 0.10 0.49 Kalugin et al. (2009)
79 Tibetan Plateau 92.00 33.00 Ice-core δ18O Decadal Annual 5 1995 0.76 0.67 Thompson et al. (2006)
80 Tien Shen 72.00 40.00 Tree-ring width Annual Annual 1500 1995 −0.04 −0.03 Esper et al. (2003)
81 Tokyo 139.72 35.67 Documentary Annual Winter 1500 1975 0.65 0.72 Gray (1974)
82 Tornetr¨ ask 19.80 68.31 Tree-ring density Annual Apr to Aug 1500 2004 0.63 0.58 Grudd (2008)
83 Tornetr¨ ask 19.43 68.13 Tree-ring width Annual Jun to Aug 1 1993 0.54 0.50 Grudd et al. (2002)
84 Uamh an Tartair −4.98 58.15 Speleothem microlayer Annual Annual 1500 1993 0.36 0.30 Proctor et al. (2002)
85 Usvyatskii Mokh 32.00 56.00 Pollen Decadal Annual 1500 1995 0.41 0.62 Klimenko et al. (2001)
86 Vøring Plateau 7.64 66.97 Sea sediments Decadal Summer 1 1995 0.22 0.31 Andersson et al. (2010)
87 WNA (regional) −116.00 38.00 Tree-ring width Annual Summer 1500 1983 0.46 0.41 Briffa et al. (2001)
88 Yakutia 147.00 69.50 Tree-ring width Annual Summer 1500 1994 0.18 0.12 Hughes et al. (1999)
89 Yamal 69.17 66.92 Tree-ring width Annual Jun to Jul 1 1996 0.34 0.32 Briffa (2000)
90 Yangtze River Delta 121.00 32.00 Documentary Decadal Annual 1500 1997 0.55 0.58 Zhang et al. (2008)
91 Yukon −139.00 67.00 Tree-ring density Annual Summer 1500 2002 0.21 −0.08 D´Arrigo et al. (2006)
some inhomogeneities are observed. In particular, the oceans
and the internal parts of the continents North America and
Northeast Asia, as well as most of the interior of Asia, are
sparsely covered, while some clustering is found in China,
Europe, Greenland and to a lesser extent in western North
America. However, the instrumental temperature record
shows that the regions with good data coverage very well can
capture both the trend and amplitude of temperature changes
in the extra-tropical NH as a whole (Brohan et al., 2006, see
also Sect. 5.3). The subset used for the two-millennia long
reconstruction (blue symbols in Fig. 1) shows larger inhomo-
geneities; in particular North America and Central Europe
have a sparser coverage. Only proxies that correlate signiﬁ-
cantly with the local temperature enter the LOC reconstruc-
tion, as explained in more detail in the next section. The bot-
tom panel of Fig. 1 shows the geographical distribution of the
55proxies (24 reaching back to at least 300AD) that corre-
late signiﬁcantly at the 1% level with the local temperatures
in the period from 1880AD to the last year of each proxy.
The correlations are given in column Corr 2 in Table 1. This
reduced proxy set shows basically the same geographical in-
homogeneities as described above for the full set of proxies.
All the proxies are shown as function of time for the pe-
riod since 1500AD in Fig. 2. The proxies reaching back to
at least 300AD are also shown for the full period in Fig. 3.
Where the proxies have consecutive annual values, these are
connected. The annual resolved proxies are all complete ex-
cept for Grotte di Ernesto (34, missing years 1681–1691,
1840–1857), Iceberg Lake (40, missing years 1642, 1825,
1834, 1867, 1899, 1957, 1982), and Burgundy (9, miss-
ing year 1978). These years have been ﬁlled in with lin-
ear interpolation. A few of the proxies display outliers, the
most conspicuous being Teletskoe Lake (78), which shows
a peak near 1600AD. By removing the outliers and repeat-
ing the reconstructions, we have conﬁrmed that the out-
liers have only marginal inﬂuence on the extra-tropical NH
mean reconstructions.
Some of the proxy records we use here were among the 40
proxies used in the 1000yr long extra-tropical NH temper-
ature reconstruction by Christiansen and Ljungqvist (2011),
but many new records are also introduced. We have
also utilized other versions of some records, either be-
cause they reach longer back in time or because newer ver-
sions of the records have become available. We have thus
used the Avam-Taimyr regional tree-ring width chronology
(Briffa et al., 2008) instead of the Taimyr tree-ring width
chronology (Naurzbaev et al., 2002). The Avam-Taimyr
record is a combination of the tree-ring width chronologies
from Taimyr (Naurzbaev et al., 2002) and Bol’shoi Avam
(Sidorova et al., 2007). The new Chesapeake Bay sea sedi-
ment record (Cronin et al., 2010) is used instead of the older
one (Cronin et al., 2003).
We have tried to obtain a complete set of high-resolution
temperature proxy records covering the last two millen-
nia, fulﬁlling our data requirements stated above. How-
ever, several potentially useful historical documentary data
sets from Europe cannot be used in this study since
they do not have a sufﬁcient overlap with the grid-
ded instrumental data in HadCRUT3v (Brohan et al., 2006).
Hence, the Central Europe temperature reconstruction by
Dobrovoln´ y et al. (2010), the Germany/Central Europe tem-
perature reconstruction by Glaser and Riemann (2009), and
the Stockholm winter/spring temperature reconstruction by
Leijonhufvud et al. (2010) cannot be used here. However,
the size of the proxy compilation used in this study is still
larger than those used in all comparable studies, with the
exceptions of Mann et al. (2008) and Mann et al. (2009).
3 Reconstruction method
The LOC reconstruction method is introduced and motivated
inChristiansen (2011), andadditionaldetailsanddiscussions
can be found in Christiansen (2012), Tingley and Li (2012),
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Fig. 1. The geographical locations of all the 91 proxies in Table 1
(top) and of those that correlate signiﬁcantly with their local tem-
peratures (from HadCRUT3v) in the period beginning in 1880 and
lasting to the ﬁnal year of each individual proxy (bottom). The res-
olution (annual, annual-to-decadal, decadal) is indicated with the
symbols. Proxies that reach back to at least 300AD are indicated in
blue.
and Christiansen and Ljungqvist (2011). Here we only give
a brief description. The method requires calibration periods
with simultaneous values of proxies and local temperatures.
We assume that both proxies and temperatures are centered
to zero in the calibration period. The LOC reconstruction
method relates proxies to local temperatures and consists of
three steps: (1) The proxies are screened and only proxies
with a statistically signiﬁcant relation to the local tempera-
ture in the calibration period are preserved. (2) Each of the
proxies that passed the test is related linearly to the local tem-
perature; P =λT +ξ, where the noise ξ and the local tem-
perature T are considered independent. It is important here
that the proxy is chosen as the dependent variable. The re-
gression coefﬁcient λ is determined from the data in the cal-
ibration period. The local temperature is then reconstructed
by T = P/λ. (3) The reconstructed local temperatures are
averaged to form the reconstructed large-scale (here extra-
tropical NH) mean temperature.
LOC avoids the underestimation of the low-frequency
variability by using a forward model where the proxy is the
dependent variable and by avoiding an explicit model for the
spatial covariance structure of the temperature ﬁeld. The for-
ward model is the physical sound choice, as we expect prox-
ies to respond to local temperature and not the other way
around. If the local temperature was chosen as the depen-
dent variable, the reconstructions would be biased towards
zero. It is tempting to use a speciﬁc covariance model to in-
fer temperatures in regions without proxies and then include
these in the NH mean. However, the covariance structure
calculated from the calibration period may not be relevant
for the reconstruction period, which can lead to underestima-
tion of variability. An extreme example is found in sea-level
reconstructions (Christiansen et al., 2010).
Note that the calibration periods can be different for the
different proxies. This feature was not used in previous
LOC reconstructions (Christiansen, 2011; Christiansen and
Ljungqvist, 2011) but will be exploited in the present work.
Likewise, the local reconstructions may not necessarily be
deﬁned over identical periods and the NH mean will then
be calculated from a different number of local reconstruc-
tions in different periods. This is only important for the
two-millennia long reconstruction before 300AD, as Du-
lan (21) and Mongolia (56) only reach back to 155AD and
262AD, respectively.
In this paper we use gridded instrumental temperatures
from HadCRUT3v (Brohan et al., 2006). This data-set is de-
ﬁned on a 5◦ ×5◦ latitude-longitude grid and covers the pe-
riod 1850–2011AD. The data coverage varies strongly with
time as can be seen from Fig. 4, which shows the average
number of months with data in the different decades. Be-
cause data scarcity is strong in the 19th century, in particular
over land outside Europe, we do not use instrumental tem-
peratures from the earliest period; all our calibration periods
begin in 1880AD or 1900AD. As in Christiansen (2011) and
Christiansen and Ljungqvist (2011), missing monthly data
are ﬁlled with inverse distance interpolation. The annual
means are then obtained to give the annually resolved tem-
perature ﬁeld, which is then interpolated to the positions of
the proxies. These temperatures are in the following re-
ferred to as local temperatures. This is justiﬁed because
the spatial decorrelation length for annual mean temper-
atures are several thousand kilometers (Jones et al., 1997).
See Christiansen and Ljungqvist (2011) for a discussion of
the impacts of the interpolation method. We do not de-
trend the local temperatures before using them for calibra-
tion. Keeping the trends is the usual choice in reconstruction
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Fig. 2. The 91 proxies in Table 1 as function of time since 1500AD. The proxies are in arbitrary units. Please refer to the original references
listed in Table 1 for full details of each proxy record.
studies and only has a small effect on the LOC method
(Christiansen, 2011).
When calibrating proxies of annual-to-decadal and
decadal sampling, we have ﬁrst linearly interpolated the
proxies to annual values. To match the proxies, the lo-
cal temperatures have been low-pass ﬁltered with a cut-
off at 5 or 10yr if the corresponding proxy is of
annual-to-decadal or decadal resolution. The reconstruc-
tions are not sensitive to this procedure, as investigated
in Christiansen and Ljungqvist (2011). Here and in the
rest of the paper, low-pass ﬁltering is performed with a
Gaussian ﬁlter.
It is well known that most temperature proxy records
primarily respond to a speciﬁc season (Jones and Bradley,
1992; Jones et al., 2003, 2009). Since we calibrate each
proxy record to its local annual mean temperature, we may
reject some proxy records that have a strong response to
its optimal season. The correlation between different sea-
sons is, however, usually high on decadal and longer time-
scales (Esper et al., 2002a; Brohan et al., 2006). For a dis-
cussion about possible changes in the annual cycle and
their implications for temperature reconstructions, see also
Jones et al. (2003).
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Fig. 2. Continued.
Conﬁdence intervals are calculated by an ensemble
pseudo-proxy method as in Christiansen and Ljungqvist
(2011). This calculation is based on a 500-yr long forced ex-
periment (Stendel et al., 2006) with the ECHAM4-OPYC3
climate model. The positions and the number of the pseudo-
proxies mimic those of the real proxies. The pseudo-
proxies are constructed by adding realistic noise to local
temperatures, where the realistic noise is constructed to
have the same autocorrelation spectra as the residuals be-
tween the real proxies and the corresponding local tempera-
tures. See Christiansen et al. (2009) and Christiansen (2011)
for more details about the ensemble pseudo-proxy method.
The ensemble pseudo-proxy method estimates both the vari-
ance and the bias of the error. In this respect it is su-
perior to, e.g. the Bayesian approach (Tingley et al., 2012),
which only provides the variance (see the discussion in
Tingley and Li, 2012, and Christiansen, 2012). This point
is in particular important for the reconstruction problem
where the bias has been shown to be a serious problem (von
Storch et al., 2004; B¨ urger and Cubasch, 2006; Zorita et al.,
2007; Smerdon and Kaplan, 2007; Christiansen et al., 2009).
However, it should be noted that conﬁdence intervals ob-
tained with the ensemble pseudo-proxy approach are prob-
ably too optimistic, as not all sources of stochasticity have
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been included. See Christiansen and Ljungqvist (2011) for
an example of including additional steps in the pseudo-proxy
approach.
4 Reconstructions
We ﬁrst consider the extra-tropical NH mean reconstruc-
tions. The two-millennia long reconstruction is discussed in
Sect. 4.1 and the 500-yr long reconstruction in Sect. 4.2. For
both periods we ﬁrst present the reconstruction based on the
calibration period 1880–1960AD and then discuss the differ-
ences when compared to reconstructions based on other cali-
bration periods. The robustness of the two-millennia long re-
construction is discussed in more detail in Sect. 5.1. The re-
constructions calibrated in 1880–1960AD are provided with
conﬁdence intervals estimated with the ensemble pseudo-
proxy method. In Sect. 4.3 we consider the geographical
distribution of the local reconstructions in selected periods.
4.1 The NH two-millennia long reconstruction
Weﬁrstconsiderthetwo-millennialongreconstructionbased
on 32 proxies that reach back to at least 300AD (shaded
rows in Table 1). With the calibration period 1880–1960AD,
16 proxies have positive correlations with the local tem-
perature and are signiﬁcantly related to this temperature at
the p = 0.01 level, as estimated with a t-test. The cor-
relations are shown in Table 1 (column denoted Corr1)
and signiﬁcant values are boldfaced. The correlations be-
tween the 16 proxies and their local temperatures fall in
the interval 0.32–0.92 with mean/median of 0.52/0.41. As-
suming that the proxies and local temperatures are with-
out serial correlations (which is obviously not true, see
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Fig. 3. The 32 proxies gray-shaded in Table 1 reaching back to at least 300AD as function of time. The proxies are in arbitrary units. Please
refer to the original references listed in Table 1 for full details of each proxy record.
Christiansen and Ljungqvist (2011) for a discussion of the
effects of using a more strict test), choosing p = 0.01 cor-
responds to a cut-off correlation of 0.29. From these 16
proxies the local temperatures are reconstructed, and inspec-
tion of the 50-yr smoothed versions (applying a Gaussian ﬁl-
ter a with standard deviation of 25yr) shows that they all
fall within reasonable limits with anomalies of no more than
±4 ◦C. The extra-tropical NH mean temperature obtained as
the simple mean of these local reconstructed temperatures is
shown in Fig. 5.
Conﬁdence intervals of the 50-yr smoothed values are su-
perimposed on the reconstruction in Fig. 5. These conﬁ-
dence intervals are calculated by an ensemble pseudo-proxy
approach as described in Sect. 3, mimicking the conditions
of the real-world reconstruction. We see that the LOC re-
construction only has small bias and that the 95% conﬁ-
dence interval has a width of 0.6 ◦C. This makes anoma-
lies in 1500–1900AD (LIA) and 950–1050AD (MWP) sig-
niﬁcantly different from zero, while the temperatures be-
fore 900AD do not show any signiﬁcant deviations from the
mean temperature in the calibration period 1880–1960AD.
In Fig. 6 the new reconstruction is compared to
some previous temperature reconstructions published
subsequently to the IPCC Fourth Assessment Report
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Fig. 4. Average number of months per year with data in HadCRUT3v in different decades.
(Solomon et al., 2007): the extra-tropical NH (30–90◦ N)
CH-blend Dark Ages version of Hegerl et al. (2007),
the extra-tropical NH (30–90◦ N) reconstruction
by Ljungqvist (2010), the global reconstruction by
Loehle and McCulloch (2008), the NH (0–90◦ N) error-
in-variables version of Mann et al. (2008), the NH
(0–90◦ N) reconstruction of Mann et al. (2009), and the
global borehole temperature estimates for the last 500yr
by Huang et al. (2008). The LOC reconstruction of
Christiansen and Ljungqvist (2011) is also included. All
reconstructions are 50-yr smoothed and centered to zero
mean in 1880–1960AD. Generally we note from Fig. 6
that the LOC reconstructions show larger low-frequency
variability than previous reconstructions. In particular the
period 1600–1850AD is colder in the LOC reconstructions
than in the other reconstructions. In fact, the temperature
anomaly in all the other reconstructions fall outside the 95%
conﬁdence interval around the new LOC reconstruction.
An exception is the borehole temperature reconstruction
of Huang et al. (2008), which around its minimum around
1700AD reaches values comparable to those of the LOC
reconstructions.
The coldest period in the new LOC reconstruction is
ca. 1580–1720AD where the 50-yr smoothed temperature
anomaly reaches −1.0 ◦C relative to 1880–1960AD. This
is in agreement with the millennia long LOC reconstruction
of Christiansen and Ljungqvist (2011) based on 40 proxies,
of which 23 passed the t-test. The two reconstructions are
in fact quite alike regarding the second millennium both in
shape and amplitude, the major difference being that the
current reconstruction is around 0.2 ◦C colder in the period
1100–1550AD. However, this difference is in general within
the conﬁdence intervals, which are a bit narrower for the re-
construction of Christiansen and Ljungqvist (2011) than for
those of the new LOC reconstruction. Also note that the re-
constructions are not totally independent, as a subset of the
proxies is used in both studies as discussed in Sect. 2.
The cold period 1500–1900AD is also a prominent fea-
ture of previous reconstructions, as seen in Fig. 6, but the
LOC reconstructions give colder temperatures than other re-
constructions. A very distinct warm peak occurs in the
new reconstruction in the second half of the 10th century
with temperatures up to 0.6 ◦C warmer than the calibra-
tion period 1880–1960AD, equalling the temperatures of the
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Fig. 5. Reconstruction of the extra-tropical NH mean temperature
(◦C) based on the gray-shaded proxies in Table 1 reaching back to at
least 300AD. Calibration period 1880–1960AD. Only proxies with
positive correlations and a p-value less than 0.01 are used. The
included proxies are given in the legend. Thin curves are annual
values; thick curves are 50-yr smoothed. Red curves show bias and
conﬁdence intervals for the 50-yr smoothed values. From ensemble
pseudo-proxy studies mimicking the reconstructions, we have cal-
culated the distribution of 50-yr smoothed differences between re-
constructions and target. The biases and the upper and lower 2.5%
quantilesarecalculatedfromthesedistributions. Intheﬁgurethebi-
ases (full red curves) have been added to the real-world reconstruc-
tions. Likewise, the upper and lower quantiles have been added to
the real-world reconstructions (dashed red curves). The green curve
shows the observed extra-tropical (>30◦ N) annual mean tempera-
ture. The yellow curve show the temperature average over grid-cells
with accepted proxies. Both curves have been centered to zero in
1880–1960AD.
mid-20th century. This warm event represents the climax of
the MWP. Note that the extra-tropical NH mean temperature
from HadCRUT3v in 1880–1960AD is 0.23 ◦C colder than
in the often used standard climate period 1961–1990AD. For
the complete NH mean temperature, the corresponding num-
ber is 0.22 ◦C. The MWP in the LOC reconstruction seems
somewhat shorter and more well-deﬁned than in previous re-
constructions (Fig. 6) mainly because the LOC reconstruc-
tion is colder in the centuries before and after the 10th and
11th centuries.
We have repeated the reconstruction with different cali-
bration periods. As mentioned previously the LOC method
allows different calibration periods for the different proxies.
Using a calibration period beginning in 1880AD and lasting
to the end of each proxy (see Table 1), 24 proxies pass the
t-test at the 1% level. This set of proxies includes the 16
proxies that passed the test with the calibration period 1880–
1960AD, and eight new proxies. From the correlations listed
in Table 1, we see that the larger number of proxies are due
mainlytoanincreaseinthecorrelationswiththenew(mainly
longer) calibration periods and not due to a decrease of the
cut-off frequency related to these longer calibration periods.
Fig. 6. Some previous temperature reconstructions, (Hegerl et al.,
2007; Loehle and McCulloch, 2008; Huang et al., 2008; Mann
et al., 2008, 2009; Ljungqvist, 2010; Christiansen and Ljungqvist,
2011) published subsequently to the IPCC Fourth Assessment Re-
port (Solomon et al., 2007) shown together with the LOC recon-
structions of the present paper. All reconstructions are centered
to zero mean in the 1880–1960AD period and have been 50-yr
smoothed with a Gaussian ﬁlter. The conﬁdence intervals of the
LOC reconstructions of the present paper (from Figs. 5 and 8) are
also shown (dashed curves).
Fig. 7. Reconstruction of the extra-tropical NH mean temperature
(◦C) based on the gray-shaded proxies in Table 1 reaching back to
at least 300AD. Different calibration periods: 1880–1960AD as in
Fig. 5, 1880 to the ﬁnal year of each individual proxy, and 1900 to
the ﬁnal year of each individual proxy. See Table 1 for the last year
of the individual proxies. Only proxies with positive correlations
and a p-value less than 0.01 are used. The included proxies are
given in the legend. All reconstructions are 50-yr smoothed and
centered to zero mean in 1880–1960AD.
For a few of the proxies, the correlations change drastically
with the change in the calibration period (e.g. China Stack,
14), making them less reliable. The correlations now fall in
the interval 0.28–0.90 with a mean/median of 0.46/0.41.
From these proxies the local temperatures are recon-
structed and adjusted to zero mean in the reference period
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Fig. 8. Reconstructions of the extra-tropical NH mean tempera-
ture (◦C) based on all the proxies in Table 1. Calibration period
1880–1960AD. Only proxies with positive correlations and a p-
value less than 0.01 are used. The included proxies are given in
the legend. Thin curves are annual values; thick curves are 50-yr
smoothed. The two-millennia long reconstruction from Fig. 5 is
shown in blue. Red curves show bias and conﬁdence intervals for
the 50-yr smoothed values (see caption to Fig. 5). The green curve
shows the observed extra-tropical (>30◦ N) annual mean tempera-
ture. The yellow curve shows the temperature average over grid-
cells with accepted proxies. Both curves have been centered to zero
in 1880–1960AD.
1880–1960AD (this step is necessary because of the differ-
ent calibration periods). Figure 7 (blue curve) shows the
NH mean based on these 24 local reconstructions. A sim-
ilar reconstruction with the calibration period beginning in
1900AD is also included (red curve). With this choice of
calibration periods, 21 proxies pass the test and the correla-
tions now fall in the interval 0.26–0.89 with a mean/median
of 0.48/0.45. We ﬁnd only small differences between
the three NH mean reconstructions. This is in agreement
withChristiansen and Ljungqvist (2011)thatshowedthatthe
LOC reconstruction method is fairly robust with respect to
changes in, e.g. the calibration period.
4.2 The NH 500-yr long reconstruction
All 91 proxies in Table 1 have been considered in a recon-
struction of the period since 1500AD. Using a calibration
period 1880–1960AD, we ﬁnd that 47 proxies pass the t-
test at the 1% level. The correlations between these ac-
cepted proxies and their local temperatures fall in the in-
terval 0.29–0.92, with a mean/median of 0.49/0.42. The
resulting extra-tropical NH mean reconstruction is shown
in Fig. 8 (black curve) and also included in the com-
parison in Fig. 6. Again we ﬁnd a cold 17th century
with temperatures around −1 ◦C below the 1880–1960AD
level, in agreement with the millennia long reconstruction of
Christiansen and Ljungqvist (2011). Good agreement is also
found when compared to the reconstruction reaching back to
1AD from the previous section (also shown in Fig. 8, blue
curve). From Fig. 6 we see that these reconstructions have
ovelapping conﬁdence intervals in the period since 1500AD.
Actually, the conﬁdence intervals calculated with the en-
semble pseudo-proxy approach again show only a small bias.
The width of the 95% conﬁdence interval is now 0.4 ◦C,
making the whole period 1500–1900AD signiﬁcantly colder
than the calibration period. The conﬁdence interval is more
narrow than that of the two-millennia long reconstruction, as
should be expected because of the larger number of prox-
ies. Compared to this reconstruction based on 32 proxies (16
accepted), we ﬁnd that the amplitude of the high-frequency
variability in the reconstruction based on 91 proxies (47 ac-
cepted) has decreased as expected due to the larger num-
ber of proxies (Christiansen, 2011). This decrease is around
15% when the high-frequency variability is measured as the
variance of the 50-yr high-passed reconstructions.
We have again repeated the reconstruction with different
calibration periods lasting to the end of each proxy and be-
ginning in 1880AD or 1900AD. For these calibration in-
tervals, 55 and 47 proxies pass the t-test, respectively; and
the correlations fall in the intervals 0.24–0.90 and 0.26–
0.89 with means/medians of 0.46/0.41 and 0.48/0.45, respec-
tively. The resulting NH mean reconstructions strongly re-
semble the reconstruction based on the calibration period
1880–1960AD (Fig. 9), with differences falling inside the
95% conﬁdence interval, as shown in Fig. 8. The largest
differences are found in the level of the cold minimum
in the ﬁrst half of the 19th century. In comparison, very
small differences are found in the cold minimum in the
17th century.
4.3 The geographical distribution
As we have seen, the LOC method gives local reconstruc-
tions at the positions of the proxies (but not elsewhere in
contrast to ﬁeld reconstruction methods). LOC is designed
to produce a good large-scale (e.g. NH) low-frequency mean
and relies on both temporal and spatial averaging to reduce
the high-frequency noise (see also Sect. 5.2). However,
LOC only determines the amplitude of the local temperature
anomalies. Thesignisdeterminedbytheproxiesthemselves.
Negative values of a local reconstruction in a given period
are a consequence of the proxy having a smaller value in this
period than in the calibration (reference) period.
We have estimated the conﬁdence intervals of 100-yr
meansofthelocalreconstructionswiththeensemblepseudo-
proxy approach described previously. Compared to the con-
ﬁdence intervals of the extra-tropical NH mean, we do not
proﬁt from spatial averaging but, on the other hand, we do
not have the complication of the unknown spatial covariance.
The widths of these conﬁdence intervals on the local recon-
structions vary a lot as they depend, among other factors, on
the correlation between the proxy and the local temperature
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Fig. 9. Reconstructions of the extra-tropical NH mean temperature
(◦C) based on all the proxies in Table 1. Different calibration peri-
ods: 1880–1960AD as in Fig. 8, 1880 to the ﬁnal year of each in-
dividual proxy, and 1900 to the ﬁnal year of each individual proxy.
See Table 1 for the last year of the individual proxies. Only prox-
ies with positive correlations and a p-value less than 0.01 are used.
The included proxies are given in the legend. All reconstructions
are 50-yr smoothed and centered to zero mean in 1880–1960AD.
and on the autocorrelation structure of the proxy. As LOC
takes the proxy as the dependent variable, the conﬁdence
intervals of the local reconstructions decrease substantially
when the correlation between the proxy and the local temper-
ature grows (Christiansen, 2012). With strong serial correla-
tions in the proxy, the correlation between local temperature
and the proxy is badly constrained due to the reduced number
ofdegreesoffreedom. Thelatterfactormakestheconﬁdence
intervals of the annually-to-decadally and decadally resolved
proxies particularly wide. We ﬁnd that when all proxies that
pass the t-test at the 1% level are considered, the width of
the 95% conﬁdence intervals varies from less than 0.5 ◦C to
more than 2 ◦C.
With these considerations and limitations in mind, we
discuss some of the spatial features found in century long
temporal means. We consider three periods: the two cold
peaks of the LIA, 1600–1699AD and 1800–1899AD; and
the peak of the MWP, 950–1049AD. The geographical dis-
tributions of the mean anomalies are shown in Fig. 10, where
the anomalies in the LIA are taken from the 500-yr long
reconstruction and the anomalies in the MWP are from the
two-millennia long reconstruction. This ﬁgure also includes
histograms of the local temperature anomalies.
For the periods 1600–1699AD and 1800–1899AD, the
local anomalies have means of −0.91 and −0.76 ◦C, re-
spectively. The geographical distributions of temperature
anomalies in the two periods are almost identical and are
relatively homogeneous, with cold anomalies almost every-
where. Of the 47 local reconstructions, 8 in 1600–1699AD
and 3 in 1800–1899AD show warm anomalies. In some re-
gions, nearby local reconstructions disagree. This is particu-
larly conspicuous in Greenland, with Crete (17) and South-
ern Greenland(72) showing warming and Dye-3 (22) and
GISP2 (30, 31) showing cooling in 1600–1699AD.
The geographical distribution of temperature anomalies in
the MWP shows larger inhomogeneities than observed in the
LIA. For the period 950–1049AD the mean is 0.49 ◦C, but
only 9 out of 16 local reconstructions show warm anoma-
lies, although the cold anomalies are weak. In comparison,
the two-millennia long reconstruction has only one proxy,
with warm anomaly in each of the periods 1600–1699AD
and 1800–1899AD. Note that all local reconstructions for
Greenland agree on warm anomalies in the MWP.
As mentioned, the warm local temperature anomalies
in the periods 1600–1699AD and 1800–1899AD are both
weak and few, whereas the cold anomalies in 950–1049AD
are more abundant. However, the strengths of the spatial
variances in the three periods cannot be directly compared
from the local temperature anomalies relative to the cali-
bration period. This is because the temperature anomalies
are centered to zero in the calibration period and the spa-
tial variance will therefore be zero in this period and sup-
pressed in overlapping or nearby periods. Centering the
two-millennia long reconstruction to zero in the whole pe-
riod, we ﬁnd the spatial standard deviations 1.01, 0.69, and
0.64 ◦C in 950–1049, 1600–1699 and 1800–1899AD, re-
spectively. The standard deviations of all 100-yr means are
shown in Fig. 11 as a function of the central year in the pe-
riod. Values higher than those found for 950–1049AD are
only found in the 9th century, while the values for 1600–
1699AD and 1800–1899AD are not unusual. However, ap-
plying a F-variance test shows that the standard deviation of
950–1049AD is only signiﬁcantly different from other pe-
riods when the standard deviation of these periods is less
than0.65 ◦C.Therefore, this analysis givesonlyweakindica-
tions that the MWP was unusually spatially variable. This is
in accordance with results from Esper and Frank (2009) and
Ljungqvist et al. (2012) (see also Sect. 6).
5 Robustness, spatial averaging, and validation
In this section we study the robustness of the low-frequency
behaviour of LOC, consider a possible limitation of pseudo-
proxy experiments, and discuss issues relating to the
validation of the LOC reconstructions.
5.1 Robustness
Christiansen and Ljungqvist (2011) showed that their real-
world reconstruction based on 40 proxies was robust to
changes in, e.g. the calibration interval, the screening
method, and the procedure for calculating the spatial av-
erage. For both the two-millennia long reconstruction and
the 500-yr long reconstruction of the present study we
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Fig. 10. Top: the geographical distributions of temperature anomalies in the period 950–1049AD (left, two-millennia long reconstruction),
1600–1699AD (middle, 500-yr long reconstruction), and 1800–1899AD (right, 500-yr long reconstruction). For clarity temperatures have
been cut off at −2 and 2◦C. Bottom: the corresponding histograms. Calibration period is 1880–1960AD and anomalies are shown relative
to this period.
ﬁnd similar results regarding the robustness to those of
Christiansen and Ljungqvist (2011). In the previous section
we presented the result for different calibration intervals, see
Figs. 7 and 9. In the following we demonstrate further the
robustness of the two-millennia long reconstruction based on
thecalibrationperiod1880–1960AD.Ingeneralthedifferent
reconstructions presented below agree within the conﬁdence
intervals (where widths increase with decreasing numbers of
proxies).
Christiansen and Ljungqvist (2011) investigated three dif-
ferent alternatives to the simple averaging used in this pa-
per to obtain the extra-tropical NH mean from the local
reconstructions and found only minor differences. One alter-
native way to calculate the mean is to weight the local recon-
structions according to the correlation between the proxy and
thelocaltemperature. Thereconstructioncalculatedwiththis
averaging procedure is shown with the blue curve in Fig. 12.
Only small differences are found in the low-frequency vari-
ability when compared to the reconstruction based on the
simple mean (black curve).
Of the 32 proxies considered for the two-millennia long
reconstruction, 13/19 are positioned south/north of 60◦ N.
Of the 16 proxies that pass the screening, these numbers
are 7/9. The reconstructions based only on the 7/9 proxies
south/north of 60◦ N are shown with red and light blue curves
in Fig. 12. We ﬁnd only moderate changes in the variability
on the lowest frequencies, while more variability has been in-
troduced to the high-frequencies, as expected from the small
number of proxies.
Of the 16 proxies that pass the screening, 7 are of an-
nual resolution and 9 are of annual-to-decadal or decadal
resolution. Reconstructions based on these two sub-sets are
shown in Fig. 12 with green and yellow curves. The low-
frequency variability of these reconstructions are in general
quite similar, with the reconstruction based on the proxies of
annual resolution being somewhat colder in the period since
500AD.
In Christiansen and Ljungqvist (2011) the low-pass ﬁlter-
ing of the extra-tropical mean reconstructions was performed
with a 50-yr moving average ﬁlter. In the present paper we
have used the more commonly used Gaussian ﬁlter (with a
standard deviation of 25yr). For comparison we have shown
the reconstruction smoothed with the moving average ﬁlter
in Fig. 12 (black dashed curve). As expected, the differ-
ences between the two ﬁlters are small, with the Gaussian
ﬁlter giving the softest smoothing.
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Fig. 11. The spatial standard deviation of 100-yr means of the local
reconstructions (two-millennia long reconstruction, calibration pe-
riod 1880–1960AD). The horizontal axis indicates the central years
of the 100-yr periods. Horizontal lines indicate the standard devi-
ation of the periods 950–1049AD (solid line), 1600–1699 (dotted
line), and 1800–1899 (dashed line).
5.2 Spatial averaging
Based on an ensemble pseudo-proxy method, Christiansen
(2011) conﬁrmed that LOC reconstructs low-frequency
variability well, and both Christiansen and Ljungqvist
(2011) and the present paper provide conﬁdence inter-
vals based on a similar pseudo-proxy method. How-
ever, pseudo-proxies are generated by degrading the lo-
cal temperature by adding noise and therefore include
assumptions about the temporal structure of the noise
(Moberg, 2012; Christiansen and Ljungqvist, 2012).
Christiansen and Ljungqvist (2012) discuss how the cut-
off between exaggerated high-frequency variability and well
reconstructed low-frequency variability depends on the de-
gree of auto-correlation in the noise. It is shown with both
theoretical arguments and numerical experiments how aver-
aging (temporal and/or spatial) leads to a reduction in the
noise for the reconstructions. Note, e.g. as discussed in
Sect. 4.2, the difference in the high-frequency noise between
the reconstructions in Figs. 5 and 8, including 16 and 47
proxies, respectively. In Christiansen and Ljungqvist (2012)
it is furthermore demonstrated that with observed values
of the auto-correlations in the noise, the 50-yr smoothed
values are well reconstructed with only a small amount of
additive noise.
In the present paper as well as in Christiansen (2011) and
Christiansen and Ljungqvist (2011), thenoise was calculated
so that it had the same autocorrelation spectra as the residuals
between the real proxies and the corresponding local temper-
atures (see Christiansen et al., 2009). As these autocorrela-
tion spectra are calculated from timeseries of limited length
(∼80yr), we cannot rule out that real-world proxies include
Fig. 12. Reconstruction of the extra-tropical NH mean temper-
ature (◦C) based on the gray-shaded proxies in Table 1 reach-
ing back to 300AD. The full black curve shows the reconstruc-
tion of Fig. 5. The dashed black curve shows this reconstruc-
tion but now smoothed with a moving average ﬁlter as used in
Christiansen and Ljungqvist (2011). The blue curve shows a recon-
struction where local reconstructions are weighted according to the
correlation between the proxy and the local temperature. The green
curve shows a reconstruction based only on proxies of annual res-
olution, while the yellow curve shows a reconstruction based only
in proxies of annual-to-decadal and decadal resolution. The red and
light blue curves show reconstructions based on proxies north and
south of 60◦ N, respectively. Only proxies with positive correla-
tions and a p-value less than 0.01 are used. The included proxies
are given in the legend. The calibration period is 1880–1960AD.
All reconstructions are 50-yr smoothed and centered to zero mean
in 1880–1960AD.
low-frequency noise components that are not represented in
the pseudo-proxies and which can disturb the effect of tem-
poralaveraging. It isthereforeinterestingto study howstable
the LOC based real-world reconstructions are to the degree
of spatial averaging, i.e. to the number of included proxies.
The large number of proxies in the present study gives us
a chance to do this.
Figures 8 and 9 show reconstructions of the LIA based
on different numbers of proxies (from 16 to 55 after screen-
ing). We note that they all agree on a minimum anomaly
around 1600AD close to −1.0 ◦C lower than the temperature
in the calibration period 1880–1960AD (50-yr smoothed).
Christiansen and Ljungqvist (2011) presented a LOC recon-
struction of the extra-tropical NH mean temperature in last
millennium based on 23 proxies (selected by screening 40
proxies). In this study the cold anomaly was found to be
−1.1 ◦C. The different reconstructions disagree more about
the temperature minima in the 19th century, but the 50-yr
smoothed reconstructions generally fall inside the 95% con-
ﬁdence interval calculated by the ensemble pseudo-proxy
method. Furthermore, there does not seem to be a systematic
reduction in the reconstructed temperature with an increas-
ing number of proxies; in fact, the coldest reconstruction is
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the one based on the largest number of proxies (red curve in
Fig. 9, calibration period 1880AD–last year). These results
suggest that the effect of low-frequency noise is small and
that LOC reconstructs 50-yr smoothed values well.
5.3 Validation
As mentioned, the LOC reconstruction method only
reconstructs low-frequency variability conﬁdently, while
high-frequency variability is overestimated. This makes
validation exercises difﬁcult with only 80–100yr of
observations, as discussed in Christiansen (2011) and
Christiansen and Ljungqvist (2011). This is one reason why
we use the surrogate ensemble method to investigate the
quality of the method and to provide conﬁdence intervals on
the reconstructions. In Figs. 5 and 8 we have plotted the
observed extra-tropical (>30◦ N) annual mean temperature
(green curves), and also the annual mean temperature aver-
aged over grid-cells with accepted proxies (yellow curves)
for the period 1880–2000AD. Despite the possible effects of
smoothing, it is clear that the LOC reconstructions overesti-
mate the variability somewhat. This is perhaps most clearly
seen in the periods 1880–1900AD where the reconstructions
are too cold and in the period 1930–1950AD where it is
too warm. Only a smaller part this overestimation can be
attributed to the limited number of grid-cells.
While such an overestimation is not seen systematically in
the ensemble pseudo-proxy studies, this does not rule out the
possibility for the observed overestimation to be a chance oc-
currence. Another, perhaps more realistic, possibility is that
the proxies not only represent local temperatures but also the
extra-tropical NH mean itself. This would violate an impor-
tant assumption of the LOC method and lead to an overes-
timation of the low-frequency variability in the calibration
period. The inﬂuence in the reconstruction period could be
both an overestimation or an underestimation, depending on
the reason why the proxies respond to the extra-tropical NH
mean temperature. One such reason might be that the proxies
are sensitive to precipitation which, through teleconnections,
could show up as a sensitivity to the extra-tropical NH mean.
Another reason could be that proxies showing a strong 20th
century warming have been favored in some step in the proxy
selection process. Further work is needed to investigate how
such complications inﬂuence the behaviour of both LOC and
other reconstruction methods.
Christiansen and Ljungqvist (2011) (Sect. 8) performed a
leave-one-out cross-validation test of the correlation between
the reconstruction and NH temperature based on annually re-
solved proxies. We ﬁnd almost similar results when repeat-
ing the test on the reconstructions in the present paper. Under
the same conditions as for the 500-yr long reconstruction in
Fig. 8, we obtain a correlation coefﬁcient of 0.84 between the
reconstruction and the observations in the calibration period.
As in Christiansen and Ljungqvist (2011), this high correla-
tion is partly a result of the trends in the calibration period;
after detrending the correlation is 0.44. The corresponding
numbers under the conditions of the two-millennia long re-
construction in Fig. 5 are 0.81 before detrending and 0.53
after detrending.
6 Conclusions
We have compiled a set of 91 temperature sensitive proxies
located in the extra-tropical NH that reach back to at least
1500AD. All the proxies have been published in the peer re-
viewed literature. Of these proxies, 32 extend as far back as
to the beginning of the ﬁrst millennium. From these compre-
hensive proxy compilations we performed new reconstruc-
tions of the extra-tropical NH mean temperature. Note, how-
ever, that only little more than half of the proxies (the exact
fraction depends on the calibration interval, etc.) correlate
well enough with the local annual mean temperature to be
included in the actual reconstructions.
The reconstructions are carried out with the LOC method
(Christiansen, 2011), which was designed to preserve low-
frequency variability at the price of exaggerating the high-
frequency variability. The LOC method accomplishes this by
obtaining local temperature reconstructions using linear re-
gression, with temperature as the independent variable. This
corresponds to a forward model which is the physical sound
choice. The local reconstructions are then combined to a
reconstruction of the extra-tropical NH mean temperature
by simple averaging, thereby avoiding the complications of
more complex spatial covariance models. Conﬁdence inter-
vals have been calculated with an ensemble pseudo-proxy
approach which mimics the conditions of our real-world
reconstructions, including the spatial and temporal averag-
ing. These calculations indicate that the extra-tropical NH
mean reconstructions have only a small bias. The corre-
sponding 95% conﬁdence intervals have widths of 0.6 (two-
millennia long reconstruction) and 0.4 ◦C (500-yr long re-
construction) for 50-yr smoothed values, thereby showing
that the residual noise-variance is relatively small compared
to the reconstructed low-frequency signal.
Our main conclusions are as follows.
– Our reconstructions indicate – in agreement with the
results of Moberg et al. (2005); Ljungqvist (2010), and
Loehle and McCulloch (2008) – that the ﬁrst millen-
nium AD was generally signiﬁcantly warmer than the
second millennium AD. The 17th century was the cold-
est century during the last two millennia and most of
the LIA seems to have been colder than during the Dark
Age Cold Period ca. 300–800AD. In general, our LOC
reconstructions show larger low-frequency variability
than previous reconstructions.
– Our two-millennia long reconstruction has a well-
deﬁned peak in the period 950–1050AD with a max-
imum temperature anomaly of 0.6 ◦C. The timing of
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the peak of the MWP in our reconstruction is in agree-
ment with the reconstructions of Esper et al. (2002a)
and Ljungqvist (2010). The reconstructions of
Mann et al. (2008, 2009) show a longer peak warming
covering the whole period 950–1100AD, and the re-
construction of Moberg et al. (2005) shows a somewhat
later as well as longer peak MWP warming than in the
present paper. The level of warmth during the peak
of the MWP in the second half of the 10th century,
equalling or slightly exceeding the mid-20th century
warming, is in agreement with the results from other
more recent large-scale multi-proxy temperature recon-
structions by Moberg et al. (2005), Mann et al. (2008,
2009), Ljungqvist (2010), and Ljungqvist et al. (2012).
– Temperatures in the 17th century reach values as
cold as −1.0 ◦C below the 1880–1960AD level,
in agreement with a previous LOC reconstruction
by Christiansen and Ljungqvist (2011) based on fewer
proxies. We ﬁnd that this result is very robust rela-
tive to the calibration period and the number of proxies
included. This level of cooling is considerably colder
than obtained with other reconstruction methods (see
also Christiansen and Ljungqvist (2011) for additional
comparison). In the 19th century temperature anoma-
lies reach values of ca. −0.9 ◦C, but this value is some-
what more sensitive to the calibration period. The two
temperature minima are separated by a local maximum
in the 18th century. This temporal variation of the tem-
perature throughout the LIA is in line with most pre-
vious work. Most regional to global multi-proxy tem-
perature reconstructions studies agree that the 17th cen-
turywasthecoldestcenturyduringtheLIA(Ljungqvist,
2010; Ljungqvist et al., 2012; Hegerl et al., 2007; Mann
et al., 2008, 2009; Moberg et al., 2005; National Re-
search Council, 2006), although high-latitude summer
temperatures seem to have reached a minimum in the
19th century (Grudd, 2008; Kaufman et al., 2009; Ran
et al., 2011; Vinther et al., 2010; Sicre et al., 2011). The
maximum cooling in the 17th century is also supported
by General Circulation Models and Energy Balance
Models (Ammann et al., 2007; Friend, 2011; Gonz´ alez-
Rouco et al., 2006; Jungclaus et al., 2010; Servonnat
etal.,2010;Hoferetal.,2011;Swingedouwetal.,2011)
using state-of-the-art estimates of past radiative forcing.
The 18th century is generally found to be warmer than
both the 17th and the 19th centuries with, regionally,
temperatures as high as in the mid-20th century.
– We ﬁnd that the LIA is spatially homogeneous with cold
anomalies everywhere and almost the same patterns in
the 17th and the 19th centuries. The homogeneity of the
LIA is in agreement with previous work (Juckes et al.,
2007; Matthews and Briffa, 2005; National Research
Council, 2006; Wanner et al., 2008, 2011; Ljungqvist
et al., 2012). The MWP seems more inhomogeneous, as
has also been suggested in several previous studies, in-
cluding Bradley et al. (2003), Hughes and Diaz (1994),
Diaz et al. (2011) and Mann et al. (2009). However,
we ﬁnd that the statistical signiﬁcance is low due
to the limited number of proxies, in agreement with
Esper and Frank (2009) who suggested that the use
of relatively few noisy and poorly replicated prox-
ies can give a false impression of heterogeneity.
Ljungqvist et al. (2012) show that, on centennial time-
scales, the MWP is no less homogeneous than the LIA
if all available proxy evidence, including low-resolution
records, are taken into consideration in order to give
a better spatial data coverage.
– The large number of proxies allow us to compare LOC
reconstruction based on different number of proxies and
thereby test the inﬂuence of the spatial averaging. Re-
constructionsbasedon16to55proxies(afterscreening)
showonlysmalldifferencesin50-yrsmoothedtempera-
tures that generally fall inside the 95% conﬁdence inter-
val calculated by the ensemble pseudo-proxy method.
This suggests that low-frequency noise is a minor prob-
lem and that LOC reconstructs 50-yr smoothed extra-
tropical NH mean temperatures well.
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